Immune activation early in life can program adult behavioral expression. Previous research on birds has documented effects of parasite exposure and immune challenges early in life on dispersal, song, personality, learning and feather pecking. However, the mechanisms responsible for mediating these programming effects are unknown. Candidate brain regions that may be most sensitive include the hippocampus and HVC. Without an understanding of mechanism, it is difficult to assess if programmed behaviors represent pathological side effects or behavioral modifications with benefits to either hosts or parasites. Future research on birds promises to provide novel insight into the adaptive value of programming effects of early life immune activation and the capacity for selection to buffer hosts against negative effects.
Introduction
Adult behavioral expression is a product of genetic and environmental influences and interactions between an individual's genotype and its environment. In particular, the early life environment may exert persistent effects on behavioral expression that constrain the range of behavioral phenotypes expressed in adulthood [1, 2 ] . For example, exposure to stressors during crucial developmental windows early in life may program adult behavioral expression. Stressors that have been demonstrated to influence adult behavior in birds include nutritional stress [2 ,3-5] , brood size [6], and parasite exposure or immune challenge [7] [8] [9] [10] . Birds are an excellent group in which to study programming effects of early life immune activation on behavior because behavior can be readily observed under natural conditions and is well characterized for many species from diverse habitats and with divergent life history strategies. This greatly enhances our ability to assess the adaptive value of behavioral modifications. Early life infection can also be readily manipulated both in nests in the field and in the lab. Moreover, the neural basis of fitness-linked behaviors in birds such as song and food caching are well described. This enhances our ability to map the mechanisms connecting early life infection to adult behavior. However, despite good evidence for persistent effects of maternal and developmental environments on adult phenotype in birds [11 ,12] , we still know relatively little about the fitness consequences of early immune activation and the mechanisms that underlie behavioral and cognitive consequences. Here, I will first highlight existing research demonstrating that immune activation early in life may program adult behavior. I will then discuss proximate mechanisms that may link early life immune activation with adult behavior. My aim is to stimulate new research in this area and thus, I conclude by proposing hypotheses to be tested in future work.
Adult behaviors programmed by early life immune activation Dispersal
Ectoparasites, such as mites, fleas, bugs, and ticks, can build up to large numbers in bird nests during breeding and may significantly depress nestling body mass and survival [13] . Early experience with parasitism influences dispersal behavior in a number of species [14, 15] . Brown and Brown [16] were the first to demonstrate that the level of exposure to nest ectoparasites influenced natal dispersal distance in the cliff swallow (Petrochelidon pyrrhonota). Both within and among cliff swallow colonies there is substantial variation among nests in numbers of the swallow bug (Oeciacus vicarius). Swallows that were raised in nests with swallow bugs dispersed greater distances than swallows raised in nests without swallow bugs [16] . By increasing dispersal distance, swallows may be better able to avoid parasitized sites. Conversely, nestling great tits (Parus major) exposed to hen fleas (Ceratophyllus gallinae) in the nest disperse shorter distances than nonparasitized birds [7, 14] , but again this behavioral change is adaptive. Birds from nests with hen fleas achieve lower reproductive success if they disperse longer distances, whereas birds from parasite-free nests attain higher reproductive success by dispersing greater distances [7] . This change in dispersal behavior as a result of exposure to ectoparasites seems to be maternally mediated. Females with hen fleas in their nests produce eggs with lower androgen concentrations [17] , and if egg androgen
